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Introduction
Fatigue and environmentally assisted crack growth in components are essential phenomena, which have to be quantified, their mechanisms understood and suitable models elaborated to assess safety and reliability of pressure vessels, pipes or pipelines or other structures exposed in service to variable loading or pressure fluctuations in corrosive environments and containing cracks or cracklike defects. Analysed data of crack growth and threshold conditions are a basis for an application of damage tolerance philosophy, which is in case of pressure vessels quite a complicated task due to several reasons: combination of high cycle and low cycle loading with overloading cycles and a very large number of affecting factors as regards corrosion environments like load frequency, waveform, strain rate hold time, environmental parameters -solution composition, corrosion potential, etc. [1, 2] .
As regards crack closure phenomenon, it has become a matter of numerous discussions since its publishing by Elber [3] , indicating that its complete theoretical explanation and interpretation has been and still is a rather complicated task. Particularly in recent years, several papers have been published, which either infirm an existence of some types of closure effects on FCG in general, eg. plastic closure at plain strain conditions [4] , experimentally measured crack closure values or methods of the measurement [5] or discuss problems with an interpretation of so called partial closure [6, 7] .
In the paper, results of an experimental programme of measurement of fatigue crack growth (FCG) and threshold conditions in a reactor pressure vessel steel in air and water environments are presented and analysed. A particular attention is paid to an explanation of fatigue crack growth mechanisms using measurement and analysis of closure effects.
Experiments
Experiements were performed on a 15Ch2NMFA nuclear reactor pressure vessel steel. The chemical composition of the steel in weight % was: 0.13 C, 0.50 Mn, 0.16 Si, 2.28 Cr, 1.29 Ni, 0.61 Mo, 0.10 V, 0.016 P, 0.014 S, 0.071 Cu. The material was heat treated using the same parameters like in those used in reality resulting in a typical highly tempered martnensitic microstructure.
Mechanical properties were: strength 634 MPa, yield stress 507 MPa, ductility 22 %, reduction area 68 %, notch toughness 210 J/cm 2 .
The main part of the program concerned FCG in air environment, when effects of overloading in a combination with compressive individual load cycles were investigated [8] , besides the measurement of basic FCG data and threshold values at loading with constant load amplitude. Some experiments were performed in water environment to complete the general knowledge. An effect of water on FCG was studied using simplified conditions: atmospheric pressure, laboratory temperature, standard water of medium hardness saturated with oxygen. Load frequency was either 32-38 Hz in air and both 35 Hz and 1 Hz in water. Two values of load asymmetry were used, R = 0.1 and 0.8, respectively. In this paper, only R = 0.1 will be discussed. An attention was paid to crack closure measurement, which was not performed continuously but in selected stages of experiments.
Results and discussion
Results of FCG measurement in air are documented in Fig.1 . In stable Paris region, crack closure conditions were constant in terms of U ratio, U = ∆K eff / ∆K, where ∆K eff = K max -K cl and ∆K = K max -K min indicating that closure effect was of a purely plasticity-induced type. U-value was 0.95, so there are no big differences between the expression in ∆K and ∆K eff in the stable region. On the contrary, in the near-threshold region, when crack growth was approaching the threshold value, crack closure was progressively increasing, resulting in the eventual U-ratio reduction to 0.75. The dependence of U-ratio on the actual stress intensity factor range ∆K related to the FCG diagram is shown in Fig.1 . Fractographical analyses were carried out to explain the crack closure growth in the nearthreshold region. A significant fretting oxidation mechanism near crack resulting in fretting induced crack closure was shown to be a dominant mechanism. Fretting oxidation is documented in scanning electron microscopy photographs in Fig.2 . Detail of transient regions Fig.3 : Survey of FCG rates in pressure vessel steel in water evaluated versus ∆K and ∆K eff compared with FCG in air expressed versus ∆K eff
In the simplified water environment, water was expected to increase FCG rates due to additional damaging effects by stress corrosion or corrosion fatigue mechanisms. Results shown in Fig.3 were at first sight surprising -FCG rates in water were up to ten times lower than those in air. This phenomenon was partially explained when crack closure effect was considered and dependencies were re-calculated versus ∆K eff . A limited number of points expressed versus ∆K eff is shown in Fig.3 , too. It looks that in comparison with "∆K eff " dependence in air, ∆K eff values in water are Key Engineering Materials Vols. 348-349 underestimated all the more the thicker corrosion debris layer near the crack tip is created. These results give support to the theory of "partial closure" presented and discussed in [6, 7] . A hypothesis can be suggested that corrosion products are not ideally rigid or they do not reach into the crack tip itself, but they arise somewhat behind the crack tip and so, during unloading cycle when first crack closure starts, there still is some displacement near the crack tip contributing to cyclic damage to the material in the cyclic plastic zone.
Another interesting point is a significant, but temporary crack retardation, followed by acceleration, repeatedly measured when the water circuit was switched on and water started to flow into the specimen chamber -the detail in Fig.3 . In case of frequency 1 Hz, another retardation was repeatedly measured in the interval ∆K = 23-28 MPa m 1/2 . A hypothetical explanation can consist in feedback oscillating changes of water access to the crack. No oxide debris enables a good water access and fast corrosion which reduces water access by return. However, much more experimental and theoretical analyses are needed to confirm such hypotheses.
Conclusion
Results of fatigue crack growth (FCG) measurement in a nuclear pressure vessel low-alloy steel in air and simplified water environment indicated an importance of crack closure phenomenon which is a crucial mechanism in the studied cases. In air, fretting and oxide induced crack closure in the near-threshold region reduces FCG rates by more than one order and threshold value by 25 %. FCG rate reduction in water in comparison with air was in a wide interval of ∆K. Oscillations, ie. retardation and accelerations were explained by a postulated hypothesis.
